The objective of this study was to evaluate processing methods for frozen beef subprimals; the effects of freezing and thawing rates on tenderness, sensory properties, and retail display were evaluated. There were 6 treatments: fresh, never frozen 14 d wet aged (14D); fresh, never frozen 21 d wet aged (21D); blast frozen-fast thawed (BF); blast frozen-slow thawed (BS); conventionally frozen-fast thawed (CF); and conventionally frozen-slow thawed (CS). All frozen beef subprimals were aged for 14 d before freezing. Three beef subprimal cuts, rib eye roll (n = 90), strip loin (n = 90), and top sirloin butt (n = 90), were used with 3 replications of 5 samples per treatment per week (total of 9 wk, n = 270). Blast freezing occurred by placing spacers between the boxes of meat on pallets at −28°C with high air velocity for 3 to 5 d. Conventional freezing occurred with boxes of meat stacked on pallets and placed in a −28°C freezer with minimal air movement for at least 10 d. Fast thawing of subprimals (to an internal temperature of −1°C to 1°C) occurred by immersion in a circulating water bath (<12°C) for 21 h, and slow thawing of subprimals occurred over a 2-wk period by placing individual subprimals on tables at 0°C. Steaks (2.5 cm thick) were cut from the longissimus thoracis (LT), longissimus lumborum (LL), and gluteus medius (GM) for Warner-Bratzler shear force (WBS), trained sensory evaluation, and retail display. For LL and GM beef steaks, frozen treatments were equal or lower in WBS values to 14D and 21D beef steaks. No differences were detected in WBS among the treatments applied to GM beef steaks (P = 0.08). There were no differences in sensory tenderness among the LL, LT, and GM (P > 0.05). All LL and LT beef steaks had approximately 4 d to 40% discoloration, and all GM steaks had over 3 d to 40% discoloration. Steaks from the LL and LT began to discolor at about 3 d, and the GM began to discolor after 1 d. For all beef subprimals, purge loss during storage and thawing was signifi cantly greater for the slow-thawed subprimals (P < 0.01), and all fastthawed subprimals were equal or superior to 14D and 21D (P < 0.01) in storage and thawing purge. During retail display, the greatest purge loss occurred in fastthawed treatments (P < 0.01). Overall, freezing rate did not affect purge loss, and neither freezing nor thawing rates had signifi cant meaningful effects on WBS, and sensory properties were comparable with fresh, neverfrozen subprimals.
INTRODUCTION
Inconsistency in tenderness and palatability among steaks is a concern for the beef industry. The 2006 National Beef Tenderness Survey showed the average length of aging for steaks in restaurant settings to be 30 d (Voges et al., 2007) , with a range of aging from 7 to 136 d. In addition, 29% of steaks had fewer than 14 d of aging. This can lead to inconsistency and considerable tenderness variation between products. Supply and demand is a reason for variation in aging time. Seasonal effect and time of year have a role in consumer demand; beef steaks are mostly consumed in the summer months, and beef roasts are in greater demand during the winter months (Namken et al., 1994) , helping account for why consumers may encounter a beef steak with little aging.
A potential solution in reducing aging variations could include freezing and storing beef subprimals immediately once the optimal day of aging (14 d) is reached. Studies have shown the freezing process in meat increases tenderness because of cellular disruption (Hiner et al., 1945; Shanks et al., 2002) . Freezing meat at faster rates decreases purge loss because the majority of ice crystals are intramuscular and the cells do not experience as much damage and can still maintain moisture (Paul and Child, 1937; Ramsbottom and Koonz, 1939; Hiner et al., 1945; Grujic et al., 1993; Petrovic et al., 1993) .
The objectives of this study were to evaluate freezing and thawing procedures in beef subprimals. Objectives include 1) determining if freezing method had signifi cant effects on purge loss, tenderness, and sensory attributes and 2) determining if thawing methods had signifi cant effects on purge loss, tenderness, and sensory attributes when compared with fresh, never-frozen subprimals aged for 14 and 21 d.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because no animals were used.
There were 6 treatments: blast frozen-slow thaw (BS); blast frozen-fast thaw (BF); conventionally frozen-slow thaw (CS); conventionally frozen-fast thaw (CF); fresh, never frozen 14 d aged (14D); and fresh, never frozen 21 d aged (21D). Three beef subprimals, lip-on rib eye roll [Institutional Meat Purchase Specifi cations (IMPS) number 112A; NAMP, 2010; n = 90], boneless strip loin (IMPS number 180; NAMP, 2010; n = 90), and boneless top sirloin butt (IMPS number 184; NAMP, 2010; n = 90), were used with 3 replications of 5 samples per treatment per week (total of 9 wk, n = 270). All beef subprimals were purchased from Colorado Premium (Greeley, CO). Beef subprimals were USDA Choice except for (n = 5) 21D top sirloin butts, which were USDA Select. At 14 d postmortem, 60 rib eye rolls (longissimus thoracis, LT), 60 strip loins (longissimus lumborum, LL), and 60 top sirloin butts (gluteus medius, GM) were frozen in a −28°C freezer at a warehouse in Denver, CO. Of the 60 beef subprimals, 30 of the 3 beef subprimals were blast frozen at −28°C using high air velocity for 3 to 5 d. Boxes of beef were placed on wooden pallets and stacked on top of each other using plastic spacers between layers. After 3 to 5 d, beef subprimals were transferred to a −28°C freezer until shipped. The remaining 90 beef subprimals (n = 30/subprimal) were conventionally frozen at −28°C using low air velocity for at least 10 d. Boxed beef was left packed tightly on wooden pallets and remained in the freezer until shipping.
The beef subprimals were then shipped under refrigerated conditions to Loeffel Meat Laboratory at the University of Nebraska-Lincoln. The subprimals were then unloaded and moved to a −23°C freezer with minimal air movement for storage. All LT, LL, and GM were frozen for a minimum of 14 d after the freezing treatments. The fresh, never frozen subprimals were collected from Colorado Premium throughout the study.
Colorado Premium would obtain beef subprimals from cattle slaughtered 14 and 21 d before processing. Beef subprimals were then placed in coolers with ice packs and shipped next-day delivery to Loeffel Meat Laboratory at the University of Nebraska-Lincoln. The 21D subprimals were shipped the week before processing beef subprimals into steaks. The 21D subprimals were placed on a table in a −2°C to 2°C cooler. Because of shipping conditions, 14D beef subprimals arrived the day of processing. Each week for 9 wk, 5 blast frozen and 5 conventionally frozen subprimals were taken from the freezer, numbered, weighed on a Weigh-Tronix scale (model WI-110, Avery Weigh-Tronix, Fairmont, MN) still in the package, and then placed on a table in a −2°C to 2°C cooler in the Loeffel Meat Laboratory for 14 d to allow for a slow thawing period. An additional 5 blast and 5 conventionally frozen subprimals were removed from the freezer, numbered, weighed, and placed in a water bath (76.2 × 76.2 × 88.9 cm, 522.39 L) with air agitation (120 psi) starting at 12°C and decreasing in temperature to 0°C in a 5°C room in the Loeffel Meat Laboratory for 21 h before cutting each week for 9 wk. Water bath temperature dropped as subprimals were added, and the surface of the beef subprimals did not exceed 7°C using the Loeffel Meat Laboratory Hazard Analysis Critical Control Plan.
Steaks from each muscle group were cut after purge loss data had been collected for beef subprimals each week for 9 wk. Gluteus medius subprimals were cut into 2.54-cm steaks (IMPS number 1184B; NAMP, 2010) , and the dorsal halves of 3 middle steaks were used for Warner-Bratzler shear force (WBS), cooking loss, sensory evaluation and retail display. Longissimus lumborum subprimals were trimmed to an external fat thickness of 0.3 cm, then three 2.54-cm steaks (IMPS number 1180A; NAMP, 2010) were cut from the anterior portion of the LL for WBS, cooking loss, and sensory evaluation, and retail display. Longissimus thoracis subprimals were trimmed to an external fat thickness of 0.3 cm and cut into three 2.54-cm steaks (IMPS number 1112; NAMP, 2010) from the posterior portion of the LT for WBS, cooking loss, sensory evaluation, and retail display.
All WBS steaks were cooked the day of processing. Sensory evaluation steaks were vacuum packaged and placed in a 4°C cooler until needed. Sensory evaluation steaks were cooked within 3 d of being cut. Steaks placed in retail display were individually weighed, placed on a white foam tray, packaged in oxygen-permeable fi lm, and placed in a retail display case using continuous fl uorescent lighting at 2°C for 8 d.
Purge Loss
Fifty-eight out of 270 vacuum bags were damaged during the handling. A total of 21.5% of the vacuum bags were broken. The LT accounted for the majority of broken of bags, totaling 30 broken vacuum bags (slow thaw = 10, fast thaw = 19, fresh, never frozen = 1). The GM had the least amount of vacuum bag failure, with a total of 8 broken bags (slow thaw = 3, fast thaw = 5, fresh, never frozen = 0). The LL accounted for 20 of the broken vacuum bags (slow thaw = 7, fast thaw = 10, fresh, never frozen = 3). Out of all the broken vacuum bags, 21 of them were in the slow thawing treatment, 34 of them were in the fast thaw treatment, and 3 of them were in the fresh, never frozen treatment.
Purge loss was calculated on every beef subprimal with the exception of broken bags in fast thaw treatments (n = 34) and its respective steak in retail display. Frozen weights in the bag were recorded before thawing. Before processing, all thawed and fresh, never frozen beef subprimals were weighed still in the bag. The beef subprimals were then removed from their vacuumpackaging bags, all purge was dried off using paper towels, and they were weighed again. The purge was then emptied into the drain out of the vacuum-packaging bag. The bag was washed out, dried off with paper towels, and reweighed. Beef subprimal purge loss was calculated using the following equation: purge loss % = [frozen weight − (dried weight + vacuum bag weight)]/(frozen weight-vacuum bag weight) × 100.
Beef steak weights were recorded before packaging and placed in a retail display case. After 8 d of retail display, steaks were removed from packaging, dried with a paper towel, and reweighed. Retail purge loss was calculated by the following equation: purge loss % = (d 0 weight − d 8 weight)/d 0 weight × 100. Total purge loss was calculated by the following equation: purge loss % = retail purge loss % + storage and thawing purge loss %.
Color Measurement and Retail Display
Packaged beef steaks were placed in retail display under continuous fl uorescent lighting at 2°C for 8 d.
Percent surface discoloration was evaluated by a trained 5-member panel. Discoloration data were analyzed for the time at which a steak reached 40% discoloration, a value at which consumers begin to refuse to purchase product (Siegel, 2010) . Reading of L*, a*, and b* were also obtained with a Minolta Chroma Meter CR-400 (Minolta Camera Company, Osaka, Japan, illuminant D65 and a 2°C standard observer; results not presented in this manuscript).
Warner-Bratzler Shear Force and Cooking Loss
Beef steaks were grilled on Hamilton Beach indoor/ outdoor grills (model 31605A, Proctor-Silex Inc., Washington, NC). A type T, copper constant, precision fi newire thermocouple (OMEGA Engineering, Inc., Stamford, CT) was inserted into the geometric center of every beef steak. Internal temperature was monitored using an OMEGA 450 ATT thermometer with a type T thermocouple (OMEGA Engineering, Inc.). Beef steaks were cooked on 1 side until the center temperature reached 35°C and then turned over. Cooking continued until the temperature reached 71°C. Beef steaks were weighed before and after grilling. Cooking loss was calculated with the following equation: cooking loss % = [(fresh weight − cooked weight)/fresh weight] × 100. Beef steaks were placed on a tray and covered with oxygenpermeable fi lm and placed in a 4°C cooler. Twenty hours later, of six 1.3-cm-diameter cores were taken from each steak and sheared to determine WBS following American Meat Science Association (AMSA) guidelines (AMSA, 1995) .
Sensory Panel
One beefsteak per treatment was prepared and cooked in the same manner described for WBS following AMSA guidelines (AMSA, 1995) . Upon reaching 71°C, steaks were removed from the grill and cut into 1.27 cm 3 cubes and kept warm (not more than 15 min) before being evaluated.
The steaks were served warm to 4 to 7 trained panelists. Panelists evaluated 6 samples (1 per treatment) per session. Sensory panels were conducted in a positivepressure ventilated room with lighting and cubicles designed for objective meat sensory analysis. Each sample was evaluated for tenderness (8 = extremely tender, 1 = extremely tough), juiciness (8 = extremely juicy, 1 = extremely dry), connective tissue (8 = no connective tissue, 1 = abundant amount), and off-fl avor (4 = strong off-fl avor, 1 = no off-fl avor).
Statistical Analysis
Data from each subprimal type were analyzed independently. When data were consistent in all 3 subprimals, results were discussed without separation between muscle types. Purge loss (subprimal and steak), cooking loss, WBS, trained sensory panel, and retail display data were analyzed using the PROC GLIMMIX procedure (SAS Inst., Inc., Cary, NC). When signifi cance (P ≤ 0.05) was indicated by ANOVA, mean separations were performed using the LSMEANS and PDIFF functions of SAS. CONTRAST statements were used to test for differences (P ≤ 0.05) between blast frozen and conventionally frozen as well as slow-and fast-thawed subprimals. Discoloration scores were analyzed as repeated measures with day of display.
RESULTS AND DISCUSSION
There were differences (P < 0.0001) in storage and thawing purge loss among treatments for each subprimal group (Table 1) . Fast-thawed beef subprimals had equal or less purge loss compared with the fresh, never frozen subprimals among all 3 subprimals. Slow-thawed beef subprimals had the most storage and thawing purge loss (P < 0.001). There were no differences in storage and thawing purge loss between blast frozen and conventionally frozen subprimals (P > 0.05; Table 2 ); fast and slow thawing treatments differed (P < 0.0001; Table 2 ). Differences in storage and thawing purge loss between thawing treatments are likely because fast-thawed beef subprimals were thawed to -2°C to 0°C. Thawed beef subprimals from the fast-thawed treatments had a colder internal temperature than the slow-thawed beef subprimals on cutting (0°C vs. −2°C to 0°C). Slow-thawed beef 1 Blast frozen = spacers placed between boxes of meat that are placed in a −28°C freezer with high air velocity; conventional frozen = boxes of meat placed in a −28°C freezer with minimal air movement; slow thaw = subprimals set on a table in a 0°C room for 14 d; fast thaw = subprimals immersed in a circulating water bath (<12°C) for 21 h. subprimals were thawed to 0°C, and had reached 0°C a few days before processing instead of a few hours before processing. During retail display, the greatest amount of purge loss occurred in fast-thawed treatments (P < 0.0001; Table 1 ). Overall, total purge loss (moisture loss during storage and thaw and retail display) when compared with the 14D product was at least 4.39% greater for slow-thawed LT and GM and at least 1.73% greater for slow-thawed LL (P < 0.0001; Table 1 ).
Beef steaks from the 14D treatment always had the best color stability (P ≤ 0.02; Table 3 , Figs. 1, 2, and 3). All frozen treatments for the LL and GM steaks were equal or required more time to reach 40% discoloration than 21D, except for the CS LL steaks, which discolored more rapidly (P ≤ 0.02).
Steaks from the GM for all treatments were equal in WBS values (P = 0.08). Steaks from the LL frozen treatments all had equal or lower WBS values compared with 14D and 21D beef steaks (P < 0.01). Slow-thawed beef steaks were equal in WBS to 14D and 21D beef steaks (Table 4 ). All slow-thawed beef steaks for the LT and LL were equal or lower (P < 0.01) in WBS when compared with fast-thawed beef steaks. Differences in WBS value are suspected to be a result of the thawing treatments because all slow-thawed treatments were thawed 4 d before processing, resulting in a dwell period for increased aging. Crouse and Koohmaraie (1990) reported that beef frozen at 1 d postmortem, thawed, and then aged had improved tenderness (Crouse and Koohmaraie, 1990). Whipple and Koohmaraie (1992) stated that freezing temperature and rate as well as thaw rate may affect the extent to which aging meat after freezing improves tenderness because of possible detrimental or benefi cial effects of freezing itself. There were no differences in WBS between blast frozen and conventionally frozen beef steaks for all beef muscles (P > 0.05; Table 5 ); fast and slow thawing treatments did not affect WBS in the LT and GM (P > 0.05; Table 5 ). Fast and slow thawing treatments did affect WBS for the LL (P < 0.001; Table 5 ). Wheeler et al. (1996) found longissimus beef steaks thawed to -2°C before cooking had greater WBS values than beef steaks thawed to 12°C. Fast-thawed beef subprimals were thawed to −2°C to 0°C before steaks were cut and cooked. Slow-thawed beef subprimals were thawed to 0°C before beef steaks were cut and cooked. All beef steaks were similar in temperature when placed on the grill. No differences were detected in WBS among treatments within the GM (P = 0.08; Table 4 ).
There were few differences found in the sensory evaluation (Table 6 ). No differences were found in sen- 1 B = blast frozen = spacers placed between boxes of meat that are placed in a −28°C freezer with high air velocity; C = conventionally frozen = boxes of meat placed in a −28°C freezer with minimal air movement; S = slow thaw = subprimals set on a table in a 0°C room for 14 d; F = fast thaw = subprimals immersed in a circulating water bath (<12°C) for 21 h; 14D = aged for 14 d and fresh, never frozen; 21D = aged for 21d and fresh, never frozen. sory tenderness among the LT, LL, and GM (P > 0.05). There were no differences in juiciness between LL and GM beef steaks (P > 0.05). The 14D and 21D LT steaks were juicier than all LT frozen steaks (P < 0.001). The 14D and 21D LT steaks also experienced less or equal cooking loss compared with all frozen steaks (P < 0.001). This may account for the differences in juiciness between the LT steaks from the fresh, never frozen and the frozen treatments. There were no differences in cooking loss between the LL and GM (P > 0.05). For the LT, LL, and GM steaks, all treatments were equal to 14D beef steaks in connective tissue. Differences in connective tissue were not detected in LT and GM beef steaks (P > 0.05). Slowthawed beef steaks for the LL had less detectable connective tissue than the fast-thawed and 21D beef steaks (P = 0.02). The difference in connective tissue in the samples did not affect overall tenderness ratings because the panelists did not detect a difference in tenderness among all treatments in the LL. There were no differences detected in off-fl avor among the treatments for the LT and LL (P > 0.05). The CF had the strongest presence of an off-fl avor (P = 0.02) in the GM compared with all the GM steaks from the other treatments. There were no differences in tenderness, juiciness, off-fl avor, and cooking loss between blast frozen and conventionally frozen treatments of beef steaks for all beef muscles (P > 0.05; Table 7) ; there was a difference in connective tissue in the LT between blast frozen and conventionally frozen beef steaks (P = 0.02). There was no difference in connective tissue for the LL and GM between blast frozen and conventionally frozen beef steaks (P > 0.05; Table 7 ). There were no differences in off-fl avor and cooking loss between fast and slow thawing treatments of beef steaks for all beef muscles (P > 0.05; Table 7 ). There was a difference in tenderness and connective tissue in the LT between fastand slow-thawed beef steaks (P ≤ 0.01), and there was no difference in tenderness and connective tissue for the LL and GM between fast-and slow-thawed beef steaks (P > 0.05; Table 7 ). Juiciness was different in the GM between fast-and slow-thawed beef steaks (P = 0.01), and there was no difference in juiciness for the LT and LL between fast-and slow-thawed beef steaks (P > 0.05; Table 7 ).
Neither freezing nor thawing rates had signifi cant meaningful effects on WBS or sensory tenderness. Our fi nding is supported by research by Paul and Child (1937) done on freezing and thawing roasts in that total moisture, drip loss, and tenderness of cooked beef were unaffected by freezing or by different thawing temperatures. Lee et al. (1950) also found no signifi cant effects on palatability due to freezing. Conversely, Hiner et al. (1945) found less resistance to shear as freezing temperature decreased, and Shanks et al. (2002) found that frozen steaks had lower WBS values than fresh steaks. However, both studies (Hiner et al., 1945; Shanks et al., 2002) were done on beef steaks and not large pieces of meat or beef subprimals. Steaks and subprimals freeze at different rates because of the difference in thickness and mass, which changes cellular disruption from freezing (Ramsbottom and Koonz, 1939) .
Freezing rate did not affect purge loss, which was also the result found by Ramsbottom and Koonz (1939) . Many previous studies have used beef steaks instead of beef subprimals. When freezing beef steaks or smaller pieces of meat, freezing temperature does affect drip loss. Several papers reported that faster and colder freezing rates of steaks resulted in less drip loss because the ice crystals form intracellularly, causing less damage to cells and allowing them to maintain moisture (Paul and Child, 1937; Ramsbottom and Koonz, 1939; Hiner et al., 1945 ; 1 B = blast frozen = spacers placed between boxes of meat that are placed in a −28°C freezer with high air velocity; C = conventionally frozen = boxes of meat placed in a −28°C freezer with minimal air movement; S = slow thaw = subprimals set on a table in a 0°C room for 14 d; F = fast thaw = subprimals immersed in a circulating water bath (<12°C) for 21 h; 14D = aged for 14 d and fresh, never frozen; 21D = aged for 21d and fresh, never frozen. Grujic et al., 1993; Petrovic et al., 1993) . The colder the temperature is, the less time there is for water to transfer out of the cell (Hiner et al., 1945) . When thaw rates were properly managed (the meat thawed slowly or quickly and the outer surface of the meat not exceeding 7°C), tenderness and sensory attributes were comparable to fresh product. These data suggest that subprimals can be purchased at opportune times, frozen and thawed as needed, and steaks will be equal in quality to fresh, never frozen product. AMSA. 1995 1 Tenderness: 8 = extremely tender, 1 = extremely tough; juiciness: 8 = extremely juicy, 1 = extremely dry; connective tissue: 8 = no connective tissue, 1 = abundant amount; off-fl avor: 4 = strong off-fl avor, 1 = no off-fl avor.
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2 B = blast frozen = spacers placed between boxes of meat that are placed in a −28°C freezer with high air velocity; C = conventionally frozen = boxes of meat placed in a −28°C freezer with minimal air movement; S = slow thaw = subprimals set on a table in a 0°C room for 14 d; F = fast thaw = subprimals immersed in a circulating water bath (<12°C) for 21 h; 14D = aged for 14 d and fresh, never frozen; 21D = aged for 21 d and fresh, never frozen. 1 Tenderness: 8 = extremely tender, 1 = extremely tough; juiciness: 8 = extremely juicy, 1 = extremely dry; connective tissue: 8 = no connective tissue, 1 = abundant amount; off-fl avor: 4 = strong off-fl avor, 1 = no off-fl avor.
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